Abstract-This paper investigates a multiuser mobile edge computing system under interference channels, where mobile users can offload their latency-sensitive (computation-intensive) tasks to the mobile edge server via a base station (BS). In this work, we seek to jointly optimize the user selection indicators for offloading and the computation resources, as well as the transmit power level of the offloading users in order to minimize the system energy consumption under latency-sensitive, computation and transmit power budget, transmission quality, and user selection constraints. The proposed optimization problem is nonconvex and highly coupled, which is difficult to solve. By exploiting binary relaxation and introducing auxiliary variables, we first convert this problem into a more tractable form. We then propose a concave-convex procedure (CCCP) based algorithm to obtain the resulting problem. Furthermore, a simplified algorithm is proposed to reduce the computational complexity. Simulation results are proposed to verify the proposed algorithms.
I. INTRODUCTION
Mobile edge computing (MEC) becomes more and more appealing due to its ability to provide cloud computing capabilities and IT service environment at the edge of network. This architecture has potential to significantly reduce latency, avoid congestion and prolong the battery lifetime of mobile devices, by pushing data-intensive tasks towards the edge and locally processing data in proximate MEC servers [1] .
Recently, a number of studies have been proposed for MEC. Yu et al. [2] proposed a joint subcarrier and CPU time allocation algorithm for an MEC system, which significantly outperforms the conventional algorithm. The tradeoff between power and delay in a multiuser MEC system was investigated in [3] . The work in [4] formulated the offloading decision problem as the joint optimization of the radio and the computational resources, while meeting latency constraints. Then a distributed algorithm with parallel implementation was developed across the radio access points, which only requires a limited coordination with cloud. In [5] , the game-theoretic decentralized computation offloading algorithms were proposed for multi-user MEC systems in multi-channel wireless environments. This study was then further extended to the scenario of multiuser computation offloadings. You et al. [6] investigated the resource allocation problem in a multiuser TDMA/OFDMA-based MEC system, with infinite and finite cloud computation capacities. The study in [7] investigated partial computation offloading with dynamic voltage and frequency scaling (DVFS) technology in MEC systems and formulated two optimization problems, i.e., energy and latency minimization problems.
In this paper, we consider a multiuser MEC system with one MEC server under interfering channels. We formulate an overall weighted sum energy consumption minimization problem by jointly optimizing the user selection indicators for offloading and the computation resources, as well as the transmit power level of the offloading users. Since the optimized variables are highly coupled in both the objective function and constraints, it is difficult to globally solve the resulting optimization problem. By applying a series of suitable transformations, we first recast this problem into an equivalent but more tractable form. Then, for the resultant problem we propose a new algorithm based on the CCCP technique to handle the highly coupled terms and jointly optimize the MEC system parameters. Furthermore, a lowcomplexity sub-optimal algorithm is proposed based on bisection search. Simulation results show that energy-efficient resource allocation is more critical when the radio and computational resources are relatively scarce. Besides, they also show that the proposed algorithms outperform the conventional local computing schemes.
The rest of this paper is structured as follows. Section II briefly describes the system model and formulates the optimization problem in mathematical expressions. Section III transforms the original problem into a more tractable form and develops the CCCP-based algorithm. Section IV proposes a simplified algorithm to solve the optimization problem. The simulation results are presented in Section V and conclusions are drawn in Section VI.
II. SYSTEM MODEL We consider a multiuser MEC system as shown in Fig.  1 , which consists of a BS connected to MEC server and N single-antenna mobile users. The MEC server has powerful computing capabilities and abundant communication resources at the network edge. We assume that each mobile user has computationally intensive and delay sensitive tasks to be completed. Each mobile user can offload the computational tasks to the BS, or can execute the computational task locally. In this paper, it is assumed that the BS is connected to the MEC server by using high-speed optical cable. Besides, we consider the quasi-static scenario, where the mobile users remain unchanged during a computation offloading period, but it may change across other periods. Intuitively, the offloading decision of each mobile user is strongly influenced by both communication and computation aspects of MEC.
A. Communication model
We denote α i ∈ {0, 1} as the offloading indicator for user i, so that we have α i = 1 if user i chooses to offload the computational tasks to the server and α i = 0 otherwise.
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where H i represents the channel gain for user i, P t i denotes transmit power for user i, and σ 2 denotes the variance of complex white Gaussian channel noise, respectively. Then the achievable transmission rate (in bits/s) for user i is given by
where W is the system bandwidth (in Hz).
B. Computation model
We characterize computation tasks at user i by the tuple
where L i (in bits) is the size of the tasks before computation, and J i is the number of required CPU cycles in order to execute each bit.
1) Local computing:
For the local computing approach, the computation tasks are executed locally on each mobile terminals. As in [7] , we model the power consumption of CPU as P 
The energy consumption E l i is given by
On the other hand, the local computational capacity at user i is fixed as
seconds. Thus, local computing energy consumption for user i is given by
2) Edge computing: When user i decides to offload tasks, we denote f i,c as its computing resource allocated by the MEC server, which is generally more powerful than mobile devices. Therefore, the execution time of MEC server is given by
Assume that each user is in standby mode with power consumption P idle i at the same time, the energy consumption at each mobile device is given by
In addition, we need to consider the time delay and energy consumption due to data transmission. Compared to the input bits of the server, the number of bits of the computational result is relatively small. Therefore, we neglect the delay of the output data transmission and only consider that of input data from users to the BS/MEC server [2] [3] [7] . Furthermore, the transmission time and the energy consumption of user i during the offloading period will be
and
respectively. Thus, we can compute the energy consumption during the edge computing phase as
Furthermore, the overall energy consumption at each user during the overall MEC computing phase is given by
C. Problem formulation
We consider the energy consumption minimization problem, which is formulated as
In this problem, constraint (12b) guarantees the processing delay of each offloading user's task during the overall MEC phase. Constraint (12c) is added to guarantee the reliability of offloading transmission, where γ i denotes the QoS threshold for user i. Constraint (12d) denotes the computational budget, where f c denotes the computation budget at the MEC server. Then, constraint (12e) denotes the transmit power budget for the offloading phase. Constraint (12f) denotes the computational constraint for each user. Finally, (12g) denotes the constraint of indicator variables for user selection.
Note that if mobile user i executes tasks locally, then its transmit power will approach to zero in order to minimize the network energy consumption. Thus, α i in (1) can be dropped and SINR i can be equivalently expressed as 
III. PROPOSED CCCP-BASED ALGORITHM
In this section, we first review some basics of the DC programming and CCCP, a powerful heuristic method to find local optimal solutions to the general form of DC programming problems. After that, we show that the problem (12b) can be transformed into a more tractable problem by applying binary relaxation and introducing auxiliary variables. Then, an efficient CCCP based algorithm is proposed to find effective solutions to problem (12b).
A. Basics of DC Programming and CCCP
DC programming deals with the optimization problems of functions with each represented as a difference of two convex functions [8] . A general form of DC programming problems is written as follows:
where f i and g i for k = 0, 1, ..., i, are all convex functions. However, a DC program is not convex unless the functions g i are affine, and is difficult to solve in general. The CCCP is a heuristic algorithm to find a local optimal solution of DC programs [9] . Its main idea is to convexify the problem by replacing the concave part in the DC functions, which is g k (x), ∀k ≥ 1, by their first order Taylor expansions, then solve a sequence of convex problems successively. Specifically, it starts with an initial feasible point x 0 , i.e.,
In each iteration t, it solves the following convex subproblem:
where x t is the optimal solution obtained from the previous iteration.
B. Proposed CCCP based algorithm for solving problem
Solving problem (12) is more challenging because the optimization variables are highly coupled in the nonconvex objective function and constraints. Besides, the user selection indicator α i is a discrete binary variable, which makes the feasible set nonconvex. This is a mixed-integer linear programming (MILP) problem, and such problems are usually considered as NP-hard problems. In principle, the conventional exhaustive search has the complexity O(2 N ) and incurs unacceptable computation overhead for large N , which is practically infeasible. For each permutation, the optimal transmit power and computational resource allocation need to be optimized. As a result, instead of conventional algorithm, we will propose a sub-optimal algorithm based on CCCP concepts.
Before applying CCCP into problem (12), a proper transformation for the original problem is necessary. The transformation of the problem is composed of the following two steps, i.e. applying binary relaxation and introducing auxiliary variables. In order to transform the nonconvex feasible set of problem (12) into a convex set, we first relax the set of discrete integer variables α i ∈ {0, 1} into a set of continuous variables in the real domain, i.e, 0 ≤ α i ≤ 1, the variable of which represents the offloading tendency of user i.
Then, we introduce a number of auxiliary variables and make the original problem easy to handle. Firstly, we decompose the complicated constraint (12b) into several simple constraints by introducing auxiliary variables : z i,1 , z i,2 , R i and φ i , so that we have
It is worth noting that the term 1/φ i in constraint (18) is more convenient for performing the method of CCCP and it avoids to use successive convex approximation (SCA) of logarithmic function in CVX. Moreover, proceeding in the same manner, we move the difficult coupling components in the objective function to the constraints with the aid of s i and t i .
After using binary relaxation and introducing auxiliary variables, the problem (12b) can be converted to
(12d), (12e), (12f), (12g), (16), (17), (18), (19), (20), (21), (22). and the modified objective function E i (x) is given by
where
represents the optimization variable set.
Even though we convert problem to a more tractable problem (23), it is still hard to solve due mainly to the nonconvexity and coupling of constraints. The special structure of these coupling constraints is defined as the bi-linear structure, which is described in Lemma 1. Note that such coupling always exists in various joint designs.
Lemma 1: Suppose that g i has a bi-linear structure, that is,
Observe preliminarily that g i (x1, x2) can be rewritten as a DC program:
The idea behind the Lemma 1 is to decouple the coupling term and transform the objective into DC program, which can be straightforwardly generalized to other interference communication designs. We here aim to provide a way to deal with such coupling constraints.
To efficiently make use of the CCCP based algorithm, we first convert problem (23) into a general form of DC programs by Lemma 1. The equivalent DC program is given by
We then linearize the nonconvex part in both constraints and the objective function. Finally, with the aid of CCCP concepts, problem (12) can be reformulated as a convex optimization problem in the t-th iteration, similar to (15). This problem can be efficiently solved by the convex programming toolbox CVX [11] . The details are omitted due to space limitation.
Repeating the above process will eventually lead to a stationary solution of problem [12] . The implementation of the proposed algorithm is summarized in Table I . Let I 1 denote the number of iterations required by the CCCP algorithm. It is not difficult to show that the complexity of the whole algorithm is O (I 1 N  3 ) where O(N 3 ) comes from a generic interior-point method for solving problem (15). , x) , and assign the solution to x t+1 . -Update the iteration number: t = t + 1 3. Until |E(x t+1 ) − E(x t )| ≤ δ or reaching the max iteration number.
IV. SIMPLIFIED ALGORITHM
In the previous section, we have proposed a CCCP-based iterative algorithm. As will be shown in Section V, the CCCPbased algorithm achieves the near optimal performance, but it has high computational complexity. Note that the complexity of this algorithm is dominated by solving the SINR constraints and the DC program. In this section, motivated by these considerations, a simplified algorithm is proposed. By further incorporating system parameters to improve the performance, we adopt the following user ordering criterion to determine the priorities of the users that should choose to offload for a minimized network energy consumption:
The users with a larger parameter θ i will have a higher priority to offload their jobs. In other word, the user with a higher channel power gain H i , smaller size of job L i , and less local computation capacity should have a higher priority to offload [13] . In this work, we adopt a simple offloading user selection procedure, i.e., the bi-section method, to offload jobs. Specifically, based on the user ordering rule in (28), we sort the coefficients in the ascending order:
to determine the offloading users. For simplicity, the selected users adopt the maximum transmit power. Besides, computation resources in the MEC server is equivalently allocated to the selected users. Let N max be the maximum number of offloading mobile users such that the the feasibility of the problem (12) is still satisfied. To find N max , in each bisection search iteration, we need to solve the convex feasibility problems,
F1(U
.., N } represents the orders. That is, the latter N − i mobile users, sorted by θ i , is chosen to offloading their tasks via the BS to the MEC server. If problem F1(U [i] ) is feasible, it implies that a feasible solution exists to F1(U [j] ) for all j ≤ i. Otherwise, it implies that no feasible solution exists for any j > i. Therefore, determining the largest N = N max that results in a feasible solution to problem F1(U [j] ) can be accomplished by solving no more than O(1 + [log(1 + N)]) such feasibility problems via bisection search. The simplified algorithm is summarized in Table II.   TABLE II  THE 
and calculate the ordering criterion, and sort them in the ascending order:
]. -Solve the feasibility problem F1(U [i] ): If it is feasible, set N low = i; otherwise, set Nup = i. 3. Until Nup − N low = 1, obtain Nmax = Nup and obtain the offloaded user set U ⋆ = {Nmax + 1, ..., N }.
V. SIMULATION RESULTS In this simulation, we consider a MEC system with mobile users covering an area of circle with radius of 0.2km. The bandwidth of the whole MEC system is 20 MHz. The mobile users' standby power and maximum transmission power are 0.5W and 1W, respectively. The edge computational budget for the offloading users is set to the 1600 MHz. The parameter K is set as 10 −24 . Moreover, the target SINR of each mobile user is 10 dB. For each task, L follow the uniform distribution over [1×10 5 , 5×10 5 ] (bits), and the workload is 18000 cycles per bit. In addition, the channel coefficients between the BS and mobile users are generated by normalized Rayleigh fading components with distance-dependent path loss, modeled as P L(dB) = 20 log(d km ) + 112.45dB. Also, it can be seen that the simplified algorithm and the CCCP-based algorithm achieves a significant performance gain compared with the local computing method. Although the performance of the simplified algorithm is not as good as the CCCP-Based algorithm, it is still very promising due to its lower computational complexity. Furthermore, we can find that the gain between the local computing method and the proposed algorithms degrades with the number of users. This is reasonable since heavy traffic load may result in the scarcity of available resource. 4 shows the system energy consumption versus the delay tolerance, i.e., t d i under N = 4. It can be observed that the system energy consumption reduces as the time deadline grows. The results show that compared with the local computing method, the proposed CCCP-based algorithm can reduce the system energy consumption by more than 80%. The energy reduction is more significant for shorter delay tolerance. Meanwhile, the performance of the simplified algorithm is better than local computing but worse than CCCP-Based algorithm. Besides, the simplified algorithm is invariant for different values of delay tolerance. In addition, the feasibility of the optimization problem is still maintained when the deadline variation does not change tempestuously.
VI. CONCLUSIONS
In this paper, we investigated an energy-efficient resource allocation problem for a multiuser mobile edge computing system under interfering channels. In order to tackle this challenging problem, a novel CCCP-based algorithm has been proposed. In order to reduce the complexity, a simplified algorithm has also been developed. Simulation results demonstrate that the CCCP-based algorithm can achieve the best performance followed by the simplified algorithm and the conventional local computing method. 
